Wheat-dependent exercise-induced anaphylaxis (WDEIA) is a severe IgE-mediated allergic reaction provoked by the combination of wheat-ingestion with intensive physical exercise over the next few hours. Among wheat proteins, omega-5 gliadin, which is one of the components of fast omega-gliadin, has been reported as a major allergen in the anaphylaxis.
Introduction
Food-dependent exercise induced anaphylaxis (FDEIA) is a distinct form of food allergy induced by physical exercise (1) . Food items such as shrimp (2) , hazelnut (3), buckwheat (4), 4 omega-gliadin (water/salt insoluble wheat proteins) are the allergens associated with baker's asthma (16) . Watanabe et al. found that low molecular weight (LMW) glutenin, one of the water/salt-insoluble proteins, is the major allergen for patients allergic to wheat, and identified QQQPP motif as an IgE-binding epitope (17, 18) . Maruyama et al. reported that alpha-gliadin and gamma-gliadin in addition to LMW glutenin are the allergens for patients with wheat allergies (19) . These observations indicate that a variety of wheat proteins are allergenic.
In terms of WDEIA, in our previous study we identified wheat fast omega-gliadin as a major allergen and found that the specific IgE against fast omega-gliadin cross-reacts to gammagliadin and slow omega-gliadins (20) (21) (22) . Fast omega-gliadin is also called 1B-type omegagliadin (23) or omega-5 type gliadin (24, 25) and can be divided into several peaks by reversed-phase high performance liquid chromatography (24) . Palosuo et al. identified omega-5 gliadin, a component of fast omega-gliadin, as a major allergen in WDEIA (26, 27) .
They revealed that the omega-5 gliadin is also an allergen in children with an immediate-type allergy to wheat (27) and transglutaminase-mediated cross-linking of a pepsin-trypsindigested omega-5 gliadin causes a marked increase in IgE-binding both in vitro and in vivo (28) . In the present study, we analyzed the linear IgE-binding epitopes of omega-5 gliadin by using synthetic peptides.
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Experimental Procedures
Subjects
Sera were collected from 15 patients with WDEIA who had recurrent episodes of anaphylaxis and a positive-provocation test to exercise after wheat ingestion, 15 healthy subjects without episodes of food allergy, and 6 patients with atopic dermatitis without episodes of WDEIA.
The sera were stored at -80 until use. Specific IgE antibodies for gluten in the sera were determined by the capsulated hydrolic carrier polymer radioallergosorbent test (CAP-RAST) system (Pharmacia Upjohn, Uppsala, Sweden) (29) .
Dot-blotting
Wheat alpha-gliadin, beta-gliadin, gamma-gliadin, fast omega-gliadin, slow omega-gliadin, high molecular weight (HMW) glutenin and LMW glutenin were prepared as previously described (16, 30) . Specific IgE antibodies in the sera for alpha-gliadin, beta-gliadin, gammagliadin, fast omega-gliadin, slow omega-gliadin, HMW glutenin and LMW glutenin were detected using a method described previously with a slight modification (20 
Peptide synthesis and IgE-binding assay
Four DNA sequences of omega-5 gliadin fragments (GenBank Accession Number BE590673, BQ608902, BQ805830, BQ245835) were selected from the wheat expressed sequence tags database. These sequences were aligned and the assumed amino-acid sequence of omega-5 gliadin was constructed (Fig. 1) . Based on the assumed amino-acid sequence of the omega-5 gliadin, the individual peptides were synthesized on a SPOTs membrane using a SPOTs kit 
Results
Dot-blotting for purified gliadins and glutenins
Specific IgE-reacting with the purified gliadins and glutenins in the sera of 15 patients with WDEIA and 21 control subjects were determined by dot-blotting. Table 1 shows the serum IgE levels, the CAP-RAST value for gluten and the result of the dot-blotting analysis. In the data of CAP-RAST for gluten, sensitivity and specificity for diagnosis of WDEIA is 80%(12/15) and 90%(19/21), respectively, when the cutoff value for a positive result is set at 0.35 Ua/mL. In the data of dot-blotting for gluten, when a cutoff value was set at 100 based on the data of control subjects, sensitivity and specificity is 60% (9/15) and 85% (18/21), respectively, both of them were worse than those of CAP-RAST for gluten. Additionally, the values of spot intensity for gluten were also not always parallel to that of CAP-RAST. This may be attributed to the unstable technique of dot-blotting.
Among the individual data of spot intensity for purified wheat proteins, the strongest reaction was observed with the fast omega-gliadin in 12 of 15 patients with WDEIA (patients 1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 14 and 15) confirming the data reported by Palosuo et al. (26, 27) .
The remaining 3 patients (patients 4, 11 and 13) had specific IgE reacting predominantly to HMW glutenin. In contrast, the strongest reaction was observed with slow omega-gliadin in matrix-assisted laser desorption/ionisation-time of flight mass spectrometry revealed a range of 44 to 55-kDa for the omega-5 type gliadins (24) .
Sixty-six overlapping peptides were synthesized by the SPOTs method to determine which regions of the assumed omega-5 gliadin were recognized by the serum IgE of the patients with WDEIA. Each peptide was 13 amino acids long and offset by six amino acids.
Individual sera from 4 patients (patients 1, 2, 3 and 5) whose serum had specific IgE to fast omega-gliadin predominantly were selected and used to map the IgE-binding region in the assumed amino-acid sequence of omega-5 gliadin. 4(P), 5(Q), 6(Q) and 7(Q), respectively, indicating that these amino acids are critical for IgEbinding in both epitopes. The remaining 3 patients' sera were analyzed in the same manner and the critical amino acids for IgE-binding were found to be the same as in patient 1 (data not shown).
Immunodominance of the omega-5 gliadin epitopes
To determine whether any of the seven epitopes of omega-5 gliadin found in this study were immunodominant, each peptide was synthesized and probed with 15 patients' sera. The results are summarized in Fig. 5 . The QQIPQQQ and QQFPQQQ peptides were recognized by 13 of 15 WDEIA patients (87%). The QQSPEQQ and QQSPQQQ peptides were recognized by 12 of 15 patients (80%) and the QQLPQQQ and QQYPQQQ epitopes were recognized by 9 and 8 of 15 patients (60% and 53%), respectively. These data indicates that the QQIPQQQ, QQFPQQQ, QQSPQQQ and QQSPEQQ epitopes are immunodominant and the IgE antibodies of the patients probably cross-react to these epitopes. The PYPP epitope was unique for patient 3. Patients 11 and 13 had no IgE antibody bound to these tested epitopes although their sera had IgE bound to fast omega-gliadin (Table 1) .
Discussion
The water/salt insoluble wheat proteins, termed gluten, have been considered to be causative allergens for WDEIA. Gluten is composed of two classes of proteins; the 70% ethanol soluble gliadins (alpha-, beta-, gamma-and omega-gliadins) and the 70% ethanol insoluble glutenins (HMW and LMW glutenins). Among these proteins fast omega-gliadin, especially omega-5 gliadin, is considered to be a major allergen for WDEIA (20, 26, 27) . In the present study we determined IgE-binding against a panel of purified gluten proteins by using sera obtained from 15 patients defined as having WDEIA by a challenge test, and found that approximately 80% of the patients react to fast omega-gliadin most strongly, confirming that the fast omegagliadin is a predominant allergen for WDEIA (Table 1) .
Then, we analyzed the epitope sequences by means of peptide array of assumed omega-5 gliadin with the 4 patients' sera. The epitope sequences of omega-5 gliadin were found to be QQXPQQQ (X=I, F, S, L and Y), QQSPEQQ and PYPP (Table 2) Two of the 15 patients with WDEIA (patients 11 and 13) had no specific IgE bound to these epitopes (Fig. 5) , although, their sera had IgE bound to fast omega-gliadin. These results suggest that the two patients recognize other epitopes in the omega-5 gliadin or there were non-specific binding. Interestingly, the sera of these patients in addition to patient 4 reacted to HMW glutenin dominantly among purified water/salt insoluble wheat proteins (Table 1) . Taking into consider the relatively low reaction to HMW glutenin in control subjects, these results might suggest that there is another minor subgroup in WDEIA which reacts to other epitopes in HMW glutenin as a cause of the disease.
The present study also showed that sera of all 15 patients with WDEIA reacted to slow omega-gliadin, LMW and HMW glutenin apart from the strong reactivity to fast omegagliadin (Table 1 ). Previously we reported that fast omega-gliadin cross-reacts to gammagliadin and slow omega-gliadin (20) , suggesting high sequence homology in these proteins.
Palouso et al. also revealed that gamma-70 and gamma-35 secalins in rye and gamma-3 hordein in barley cross-react with omega-5 gliadin (32). This is also supported by amino-acid sequences of several gliadins thus far reported; the amino-acid sequence of slow omegagliadin is homologous to the C-hordein of barley and omega-secalins of rye and has PFPQ 1- and include critical amino acids for IgE-binding, it is likely that specific IgE to omega-5 gliadin cross-reacts with gamma-gliadin and slow omega-gliadin. In addition, some patients' sera had specific IgE to alpha-gliadin, which had been reported as a major allergen for WDEIA by Palosuo et al. (26) . The alpha-gliadin has QQLPQEQ, QQQPQEQ and QPYPQQQ sequences (35) , therefore this may cross-react with omega-5 gliadin as well as gamma-gliadin and slow omega-gliadin. Moreover, the IgE-binding epitope of omega-5
gliadin QQLPQQQ is seen in the VolckA3 and LMW21 and QQFPQQQ in the VolckB3, respectively, all of which belong to the LMW glutenins (36) , suggesting that omega-5 gliadin also cross-reacts with LMW glutenin. These results might account partly for the diversity of the reactivity in the dot-blot analysis with the patients' sera.
These IgE-binding epitopes are different from QQQPP previously identified by Tanabe et al. as the major allergen for wheat allergy (18) . In this study we synthesized the peptide SQQQPPF and probed with WDEIA patients' sera, however, only a weak IgE-bound signal to this peptide was observed in 10 of 15 patients (67%) (data not shown). The result indicates that the IgE-binding epitope sequences, QQXPQQQ (X=I, F, S, L and Y), QQSPEQQ and PYPP, are distinct and responsible for WDEIA. These motifs do not exist in the proteins, which are major allergens for baker's asthma, such as alpha-amylase inhibitors, peroxidase and serpin, supporting the idea that these epitopes are characteristic for WDEIA.
The CAP-RAST system is now widely used for the diagnosis of allergy, whereas, as found in this study, some patients with definite WDEIA are negative in CAP-RAST for gluten (Table 1) , suggesting unreliable sensitivity of the test for the diagnosis of WDEIA. In addition, a number of the patients with atopic dermatitis react positively to CAP-RAST for gluten, although the patients do not have an anaphylactic reaction to gluten such as control subjects 31 and 32 in Table 1 . These findings suggest that the measurement of specific IgE for gluten is not always satisfactory for the screening as well as diagnosis of WDEIA. It is conceivable that the simultaneous measurement of specific IgE antibodies to both fast-omega gliadin and the epitope peptides is more sensitive and specific to diagnose WDEIA than that to gluten. In fact, to diagnose WDEIA the clinical efficacy of the measurement of specific IgE to omega-5 gliadin has already been reported (26, 27) .
FDEIA is a life-threatening disease but the only reliable therapy is strict elimination of allergen from dietary foods. However, it is not easy to eliminate wheat from foodstuff for a long time. Mutated allergen protein immunotherapy or peptide immunotherapy for food allergy were successful in animal models such as peanut anaphylaxis by means of the allergens or peptides lacking of ability to bind to IgE but retaining the ability to activate Tcells (37) . The elucidation of the major IgE-binding epitopes on omega-5 gliadin in this study may provide a useful tool for developing hypoallergenic foods as well as a new diagnostic technique and immunotherapy for patients with WDEIA. Fifteen patients' sera were tested against the epitopes characterized in the present study. The filled box indicates that sera from patients with WDEIA had specific IgE to the epitope. Table 1 Results of dot blot analysis The PVDF membranes spotted with the purified wheat proteins were incubated with 10% patients' sera. An enhanced chemiluminescence system was used for detection of the IgE antibodies reacting to the wheat proteins. The resulting lights were visualized on autoradiography film. After scanning the film, the spots' intensities were calculated using the image-analyzing software. alpha, alpha-gliadin. beta, betagliadin. gamma, gamma-gliadin. F omega, fast omega-gliadin. S omega, slow omega-gliadin. HMW, high molecular weight glutenin. LMW, low molecular weight glutenin. 
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